Introduction

37
Plants interact with multi-kingdom microbial communities (e.g. bacteria, fungi, oomycetes) that can 38 impact host fitness, either directly, or indirectly through microbe-microbe interactions 1, 2, 3, 4, 5 . The 39 immune system of plants, rhizodeposits, and microbial interactions are known determinants of root-40 associated microbial assemblages and make them distinct from the surrounding soil biota 6, 7, 8, 3 . Large-41 scale spatial variation in the composition of the soil biota has been associated with difference in edaphic 42 and climatic conditions 9 . Particularly, local edaphic factors such as soil pH primarily predict geographic 43 distribution of soil bacteria 10, 11, 12 , whereas climatic variables better predict fungal distribution in soil 13 . 44
However, systematic field studies exploring and disentangling the extent to which variation in soil and 45 climatic conditions impacts root microbiota composition and adaptive differentiation in plants are 46
lacking. 47 48
Local adaptation has been documented in a large number of plant species and across both small and 49 large spatial scales 14 . For example, reciprocal transplants and common-garden experiments have 50 provided evidence of strong adaptive differentiation among natural populations of the model plant 51
Arabidopsis thaliana 15, 16 . However, the relative importance of different abiotic and biotic factors for the 52 evolution and maintenance of local adaptation is poorly known 17, 18 . Particularly, soil edaphic factors 53 and soil microbes are known to influence flowering phenology and modulate host fitness in natural 54 soils 19, 20, 21, 22, 23 , even at the scale of a few meters 24 . Yet, information about the extent to which 55 differences in soil properties contribute to divergent selection and the maintenance of adaptive 56 microbial community composition revealed a gradual decrease in explanatory power from soil towards 197 root compartments, as well as stronger correlations for bacterial communities than for filamentous 198 eukaryotes (Fig. 3b, Supplementary Fig. 5 , and Supplementary Tables 1 and 5). Although part of the 199 observed correlations can be due to confounding effects between variables ( Supplementary Fig. 5a, b) , 200 latitude and soil pH explained the highest proportions of variation in bacterial and fungal community 201 composition in soil (bacteria: 21.2% and 22.8%, respectively; fungi: 10.2% and 10.5%, respectively; 202 PERMANOVA, p < 0.01), and remained among the most significant variables explaining among-site 203 variation in the composition of the root microbiota across European A. thaliana populations (bacteria: 204 3.2% and 3.0%, respectively; fungi: 3.0% and 2.7%, respectively; PERMANOVA, p < 0.01) ( in root-associated microbial communities (bacteria: 6.9%, fungi: 13.2%, oomycetes: 15.8%, 209 PERMANOVA, p < 0.01), than did "host species" (< 2%, PERMANOVA, p < 0.01), suggesting that 210 year-to-year environmental variation affected the establishment of the root microbiota more than did 211 differences between hosts separated by > 140 million years of reproductive isolation 27 ( Fig. 3b and 212 Supplementary Fig. 4b and Supplementary Table 5) . Among-year variation was particularly strong 213 for soil-and root-associated fungal (soil: 4.0 %, root: 13.2%, PERMANOVA, p < 0.01) and oomycetal 214 (soil: 15.9%, root: 15.8%, PERMANOVA, p < 0.01) communities (Fig. 3a, b , and Supplementary Fig.  215 4b and Supplementary Table 5) . 216 217 Consistent with earlier reports, a significant proportion of the variance remained unexplained in 218 bacterial, fungal, and oomycetal communities in both soil and root compartments (> 40%, data not 219 shown), likely arising from unmeasured environmental variables, stochastic processes, or species 220 interactions such as microbe-microbe interactions. To identify signatures of microbial interactions, we 221 quantified correlations between bacterial and fungal alpha diversity across sites. The correlation between 222 bacterial and fungal diversity was positive in soil samples (Spearman´s rank correlation, observed 223
OTUs: rs = 0.30, p < 0.001, Shannon index: rs = 0.21, p = 0.002), but negative in root endosphere samples 224 (Observed OTUs: rs = -0.15, p = 0.092, Shannon index: rs = -0.24, p = 0.005) ( Supplementary Fig. 6a,  225 b). The observation that bacterial diversity is negatively correlated with fungal diversity in the root 226 endosphere suggests that microbial interactions also contribute to community differentiation at the soil-227 root interface, as recently reported 3 . Overall, our results suggest that among-site variation in 228 environmental conditions affected root-associated microbial communities more strongly than did 229 temporal variation within sites. In contrast, differences between host species had less impact on root 230 microbiota differentiation than had spatial and temporal variations. Therefore, differences in soil 231
properties (e.g., pH, which ranged from 5.1 to 7.9) and climate are likely causes of the variation in root 232 microbiota among European populations of A. thaliana. 233
234
Site-specific differences in soil, climate, and genotype drive root microbiota differentiation 235 between two A. thaliana populations. We hypothesized that continental-scale variation in the A. 236 thaliana root microbiota is mediated by interactions between soil, climate, and host genotype and that 237 these factors might differentially influence the establishment of bacteria and filamentous eukaryotes in 238 plant roots. To disentangle the respective contribution of these three factors on microbial community 239 composition at the root interface, we conducted a transplant experiment between two geographically 240 widely separated A. thaliana populations in Sweden and Italy (SW4 and IT1) ( Supplementary Fig. 7a , 241 b). In this experiment, we transplanted seedlings of each plant genotype into soils from both SW4 and 242 IT1 at each site in autumn, at the time of natural seedling establishment in the local populations (Fig.  243   4a) . At fruit maturation, the two A. thaliana genotypes were harvested and community composition was 244 defined for bacteria, fungi and oomycetes in soil (Soil with RS-associated microbes) and whole root 245 (Root-with RP-associated microbes) samples (n =131 , Fig. 4b) . 246
247
Consistent with the European transect experiment, we observed a greater compartment effect for bacteria 248 than for filamentous eukaryotes, explaining 17.8%, 7.4%, and 3.1% of the variance in bacterial, fungal, 249 and oomycetal community composition, respectively (PERMANOVA, p < 0.001, Fig. 4b and 250 Supplementary Table 7) . However, the degree of structural convergence in roots was weaker, probably 251 due to the fact that we did not partition the RP compartment from the root endosphere in this experiment. 252
Because no Italian plants survived at the Swedish site, we used a canonical analysis of principal 253 coordinates (CAP; capscale function) to assess the effect of genotype among whole root samples at the 254 Italian site only. CAP analysis constrained by genotype indicated a significant effect of host genotype 255 for all three microbial groups in plant roots, explaining 2.4% (p = 0.001), 2.36% (p = 0.026) and 2.9% 256 (p = 0.002) of the variance in bacterial, fungal, and oomycetal community composition, respectively 257 ( Supplementary Fig. 7d) . 258
259
The origin of soil (Italy vs. Sweden) explained substantially more variation in bacterial soil biota than 260 did transplant location (soil origin: 62.3%, transplant location: 15.8%; PERMANOVA, p < 0.001). This 261 was also the case for bacterial communities associated with whole root samples (soil origin: 47.1%, 262 transplant location: 17.4%; PERMANOVA, p < 0.05) (Fig. 4b lower panel, Supplementary Table 7) . 263
The percentage of variation explained by the origin of soil was weaker for fungi and oomycetes in the 264 soil fraction (fungi: 29.6%, oomycetes: 18.54%; PERMANOVA, p < 0.001), whereas differences other 265 than soil origin, including climatic differences between sites, also largely accounted for between-site 266 variation in microbial eukaryotic assemblages in soil (fungi: 27.5%, oomycetes: 6.3%; PERMANOVA, 267 p < 0.001). In whole root samples, the effect of the location was as strong as the effect of the soil for 268 fungi (location: 14.6%, soil origin: 15.1%; PERMANOVA, p < 0.001) and stronger than the effect of 269 the soil for oomycetes (location: 10.6%, soil origin: 4.7%; PERMANOVA, p < 0.001) (Fig 4b lower  270 panel, Supplementary Table 7) . These results indicated that soil origin and transplant location 271 differentially affect the assembly of root-associated bacteria and filamentous eukaryotes. . 8a, b and c) . Abundance profiles of microbial taxa in whole root samples were impacted by soil 277 origin, location, and their interaction, with notable differences depending on microbial classes. For 278 example, variation in root-associated Actinobacteria was almost exclusively explained by soil origin, 279 whereas variation in root-associated Alpha-, Beta-, and Gamma-proteobacteria was explained by soil 280 origin and location to similar degrees ( Supplementary Fig. 8d) . Similarly, the presence of root-281 associated fungi belonging to Dothideomycetes was primarily explained by location, whereas the 282 presence of root-associated fungi belonging to Leotiomycetes was largely explained by soil origin 283 (Supplementary Fig. 8d) . The results point to differential impact of site and soil specific factors on 284 different taxonomic groups of the root microbiota. Overall, 74.4% and 86.3% of root-associated fungal 285 and oomycetal OTUs, respectively, responded to difference in location or location x soil, whereas this 286 percentage was reduced to 44.7% for root-associated bacterial OTUs (Supplementary Fig. 8d ). Taken 287 together, our data suggest that location-specific factors such as climatic conditions affect differentiation 288 of root-associated filamentous eukaryotic communities more than that of bacteria, and this likely 289 explains variation in community structure observed for these microbes among European sites and across 290 successive years ( Fig. 3 and Supplementary Fig. 4b) . Table 9 ). The strong local advantage was a function of both higher survival and fecundity 305 ( Supplementary Fig. 7c ). At the SW4 site, no Italian plant survived to reproduce, meaning that 306 selection coefficients were 1 on both soil types (Fig. 4c) . It was therefore not meaningful to compare 307 adaptive differentiation on the two soil types. However, the Swedish genotype showed 3.5-fold higher 308 survival and 4.0-fold higher overall fitness when planted in Swedish soil compared to in Italian soil 309 (survival: one-tailed test, t = 1.81, p = 0.060; overall fitness: t = 2.14, p = 0.039) (Fig. 4c , 310 Supplementary Fig. 7c ). These results demonstrate a strong selective advantage to the local A. thaliana 311 genotype at both sites, consistent with previous studies on the same populations 15, 28 . However, despite 312 the marked differences in the geochemical properties and microbial communities of the soil, adaptation 313 to local soil conditions explained only a small fraction of the adaptive differences between the two A. 314 thaliana populations. This suggests that adaptation to climatic variables not related to the characteristics 315 of the soil are the primary drivers of adaptive differentiation between A. thaliana populations in northern 316 and southern Europe. 317
318
Discussion
319
By monitoring the root microbiota of A. thaliana in 17 natural populations across three successive years, 320
we observed strong geographic structuring of soil microbial communities, but a surprising degree of 321 convergence among root-associated taxa. The convergence in microbial community composition 322 observed for root endosphere samples is remarkable given the large geographical distances between 323 sites, contrasting edaphic characteristics, and distinct microbial communities in the surrounding bulk 324 soils. Our results indicate that environmental factors and variables that explain geographic distribution 325 of microbes in soil have less predictive power in plant roots. The degree of convergence in community 326 structure varied among microbial groups and was more evident for the bacterial root microbiota than for 327 filamentous eukaryotes. Differences between sites that were independent of soil characteristics largely 328 explained differentiation in filamentous eukaryotic communities in our reciprocal transplant experiment, 329 suggesting a link between climatic conditions and variation observed for filamentous eukaryotic 330 communities across sites and years. Our results indicate that difference in climate and soil between sites 331 not only contribute to variation in root-associated microbial communities, but also to adaptive 332 divergence between two A. thaliana populations in northern and southern Europe. 333
334
The striking structural convergence observed for bacterial communities in roots of A. thaliana and 335 grasses was explained by the presence of a few, diverse and geographically widespread taxa that 336 disproportionately colonize roots across sites. The conserved enrichment of Beta-and Gamma-337 proteobacteria in A. thaliana roots, together with the identification of 13 habitat-generalist OTUs that 338 were consistently and abundantly detected in the roots of A. thaliana and grass populations suggest 339 potential co-evolutionary histories between these microbes and evolutionary distant plant species. These 340 few OTUs belong to bacterial genera that are often detected in plant roots across various environmental 341 conditions 29, 30, 31, 32, 33 . Notably, Bradhyrhizobium and Burkholderia (OTUs 8, 4987, 13, 14, and 4486 342 in this study) were the two most dominant of 47 widespread genera in roots of phylogenetically diverse 343 flora across a 10 km transect in Australia 32 . The low number of widespread core bacterial taxa detected 344 in our study might be due to the large distances between sites and extensive differences in soil pH 345 (ranging from 5.1 to 7.9), contrasting with the more uniform range of soil pH reported in ref.
32 (i.e. 4.1 346 to 4.6). Our results nonetheless suggest that at least part of the similarity in bacterial community 347 composition observed in roots of divergent plant species in microbiome studies 34 is driven by the 348 presence of geographically widespread taxa that efficiently colonize plant roots across a broad range of 349 environmental conditions. 350
351
The remarkable phylogenetic diversity among the few geographically widespread bacteria detected in 352 plant roots suggests convergent evolution and metabolic adaptation to the root habitat in 353 phylogenetically distant bacterial lineages 35 . Similar to what has been described in leaves for wild A. 354 thaliana 36 , a Pseudomonas OTU in our study was also by far the most dominant taxon in A. thaliana 355 roots (i.e. OTU5, Relative abundance in roots = 14.4% in average), pointing to Pseudomonas taxa as the 356 most successful and robust colonizers of wild A. thaliana. Although we sampled healthy-looking plants 357
in their natural habitats, we cannot exclude the possibility that some of these bacterial strains represent 358 widespread pathogens that negatively affect plant fitness without causing disease symptoms in nature 36 . 359
Alternatively, these taxa might carry out widespread and important beneficial functions for A. thaliana 360 survival such as pathogen protection e.g., Pseudomonas, Pelomonas, Acidovorax, Flavobacterium 3, 35, 361 37 , abiotic stress tolerance, or plant growth promotion (e.g., Bradyrhizobium, Burkholderia 38, 39 ). It 362 remains to be seen whether this widespread association between plant roots and bacteria is evolutionary 363 ancient and the extent to which it has contributed to plant adaptation to terrestrial ecosystems. 364
Irrespective of this, the 13 core OTUs identified here in A. thaliana roots in natural environments provide 365 a rational framework for future design of low complexity synthetic bacterial communities from culture 366 collections of root commensals and co-culturing with gnotobiotic plants 40 to study their contribution to 367 plant health and growth in laboratory environments. 368
369
The results of the reciprocal transplant between two widely separated A. thaliana populations (one in 370
Italy and one in Sweden; IT1 and SW4) demonstrated significant effects of soil and location on 371 microbiota assembly in both soil and root compartments. Our observation that transplant location 372 affected the community composition of filamentous eukaryotes more strongly than that of bacteria 373 suggest that the response to climate varies among microbial kingdoms 41, 42 . Our data corroborate the 374 hypothesis that climate is a key driver of among-site variation and geographic distribution of filamentous 375 eukaryotes in soil, as predicted based on association studies 13, 43, 44 . This contrasts with the geographic 376 distribution of soil bacteria which is known to be primarily controlled by edaphic factors 10 . The marked 377 among-year variation in community composition of filamentous eukaryotes shows that year-to-year 378 differences in environmental conditions can significantly modify geographical patterns of filamentous 379 microbes at the soil-root interface across Europe. Our field transplant experiment also demonstrated an 380 effect of host genotype (Italian vs. Swedish accession) on the composition of root microbial 381 communities. The proportion of variation in community composition explained by host genotype was 382 limited (~ 2% at OTU resolution) compared to that explained by origin of soil and location of 383 experiment, but is still comparable to estimates for host genotype obtained in previous studies of A. 384 thaliana (ref.
45 ; variance: < 1%, p < 0.05), Boechera stricta (ref.
46
; genotype effect not significant), and 385 Populus (ref.
47 ; variance: ~ 3%, p < 0.05). Taken together, our results suggest that bacterial and fungal 386 assemblages in roots are differentially controlled by edaphic and climatic conditions, and that host 387 genetic differences contribute only little to root microbiota differentiation between the two A. thaliana 388
populations. 389 390
Local adaptation is common among plant populations, but the extent to which divergent selection and 391 local adaptation can be attributed to local soil conditions has been examined mainly in relation to high 392 concentrations of heavy metals 48 , serpentine 49 , and high salinity 25, 50 . The field experiment of the present 393 study, in which both soils and plant genotypes were reciprocally transplanted at two locations in Sweden 394 and Italy, demonstrated strong local adaptation between two geographically widely separated A. 395 thaliana populations. The relative performance of local and non-local host genotypes was primarily 396 affected by the geographical location and only weakly by soil origin, despite extensive differences in 397 microbial community composition and physical and chemical properties between Swedish and Italian 398 soils (Fig. 1d and Supplementary Table 1) . Particularly, differences in available Ca, reserve K, 399 harvested with their surrounding bulk soil with a hand shovel without disturbing the plant root system, 422 transferred to 7x7 cm greenhouse pots and transported immediately to nearby laboratories for further 423 processing. Four plant individuals pooled together were considered as one pooled-plant technical 424 replicate (4 technical replicates in total). In addition, four plants were not pooled and kept individually 425 as single-plant replicates to assess difference in microbial community composition between single plant 426 and pooled plants. Note that these two sampling strategies explain only 0.8, 3 and 2.4% of the variation 427 in bacterial, fungal, and oomycetal community composition, respectively (Supplementary Table 5 , 428 Supplementary Fig. 4b ). At each of the 17 sites, we also harvested and processed similarly three 429 neighbouring plants growing within 50 cm of A. thaliana and belonging to the Poaceae family. In total, 430 we collected 285 plants across three years. 431
432
Fractionation of soil and root samples. To distinguish and separate four microbial niches across the 433 soil-root continuum, plants and respective roots were taken out from the pot. Samples from the bulk soil 434 exempt from root or plant debris were taken, snap-frozen in liquid nitrogen and stored for further 435 processing (Soil compartment). Individual plants were manually separated from the main soil body and 436 non-tightly adhered soil particles were removed by gently shaking the roots. These roots were separated 437 from the shoot and placed in a 15-mL falcon containing 10 mL of deionized sterile water. After 10 438 inversions, roots were transferred to another falcon and further processed, while leftover wash-off 439 (containing the RS fraction) was centrifuged at 4,000 g for 10 min. Supernatant was discarded and the 440 pellet was resuspended and transfered to a new 2-mL screw-cap tube. This tube was centrifuged at 441 20,000 rpm for 10 minutes, the supernatant was discarded and the pellet was snap-frozen in liquid 442 nitrogen and stored for further processing (RS compartment). After RS removal, cleaned roots were 443 placed in a 15-mL falcon with 6 mL of detergent (1xTE + 0.1% Triton® X-100) and manually shaken 444 for 2 minutes. This step was repeated for a total of three detergent washes, in between which, roots were 445 transferred to a new 15-mL falcon with new detergent. After these washes in detergent, roots were 446 transferred to a new 15-mL falcon. The remaining washes (approximately 18 mL) were transferred to a 447 20 mL syringe and filtered through a 0.22 µM-pore membrane. The membrane was snap-frozen in liquid 448 nitrogen until further processing (RP compartment). Lastly, three-times washed roots were subjected to 449 a further surface sterilization step to further deplete leftover microbes from the root surface. Roots were 450 sterilized one minute in 70% ethanol, followed by one minute in 3% NaClO, and rinsed five times with 451 deionized sterile water. These roots were dried using sterile Whatman paper and snap-frozen in liquid 452 nitrogen until further processing (Root compartment) (Supplementary Fig. 1a) . 453
454
In total, 1,125 samples were produced after fractionation. We validated the fractionation protocol by 455 printing processed roots on Tryptic Soy Agar (TSA) 50% before fractionation, after each detergent wash 456 and after surface sterilization. Washes produced after each fractionation step (without treatment, after 457 each detergent step and after surface sterilization) were also plated on TSA 50%. In brief, treated roots 458 were cut and placed on plates containing TSA 50% medium for 30 sec and then removed. After 3 days 459 at 25 ºC, colony forming units (CFU) were counted. Similarly, 20 µL of remaining washes were spread 460 onto TSA 50% medium-containing plates and CFU were counted after 3 days of incubation at 25 ºC 461 (Supplementary Fig. 1b) . 462 463 Reciprocal transplant experiment. We reciprocally transplanted both soil and local A. thaliana 464 genotypes between sites in Italy (population IT4) and Sweden (population SW4; Supplementary Fig.  465   7a) . See ref.
15 for a description of study sites and plant genotypes. Soil was collected at the two 466 experimental sites in spring 2016 and stored at 6°C until the establishment of the experiments. Seeds 467 were planted in Petri dishes on agar, cold stratified in the dark at 6˚C for one week, and then moved to site, we assessed differences in overall fitness due to soil, genotype, and the soil × genotype using a 485 mixed-model ANOVA, with block (random factor) nested within soil type. In Sweden, we used a one-486 tailed t-test to test the prediction that survival and overall fitness of the Swedish genotype is higher when 487 planted in Swedish than when planted in Italian soil. 488
489
At the time of fitness assessment, we harvested plants and their surrounding soil by removing the whole 490 soil plug. Soil was separated from the roots manually and a soil sample was taken. After removing loose 491 soil particles by gentle shaking, roots were placed in a 15-mL falcon and washed by inverting with 10 492 mL of deionized water and surface-sterilized by washing for one minute with 70% ethanol, then washing 493 with 3% NaClO for one minute and rinsed several times with deionized sterile water. These whole root 494 samples correspond to the combination of Root and RP compartments described for the European 495 transect survey. Six to twelve soil samples were harvested for each of the eight combinations of soil, 496 location and genotype (n = 72), as well as three to twelve whole root samples per condition (n = 59). 497
Note that no Italian plants survived at the Swedish site. In total, 131 root and soil samples were 498 harvested, stored in dry ice, and processed for DNA isolation and microbial community profiling. 499 500 Microbial community profiling. Total DNA was extracted from the aforementioned samples using the 501 GmbH, Frankfurt, Germany) to 20 μl of the pooled PCR product. Samples were incubated at 37°C for 516 30 min and enzymes were deactivated at 85°C for 15 min. Samples were centrifuged for 10 min at 4000 517 rpm and 3 μl of this reaction were used for a second PCR, prepared in the same way as described above 518 using the same protocol but with cycles reduced to 10 and with primers including barcodes and Illumina 519 Table 2 ). PCR quality was controlled by loading 5 μl of each reaction on a 520 1% agarose gel. Afterwards, the replicated reactions were combined and purified: 1) bacterial amplicons 521 were loaded on a 1.5% agarose gel and run for 2 hours at 80 V; bands with the correct size of ∼500 bp 522 were cut out and purified using the QIAquick gel extraction kit (QIAGEN, Hilden, Germany); 2) fungal 523 and oomycetal amplicons were purified using Agencourt AMPure XP beads. DNA concentration was 524 again fluorescently determined, and 30 ng DNA of each of the barcoded amplicons were pooled in one 525 library per microbial group. Each library was then purified and re-concentrated twice with Agencourt 526 AMPure XP beads, and 100 ng of each library were pooled together. Paired-end Illumina sequencing 527 was performed in-house using the MiSeq sequencer and custom sequencing primers (Supplementary 528 Table 2 ). 529 530 16S rRNA gene and ITS read processing. All paired rRNA amplicon sequencing reads have been 531 analysed with a pipeline described recently 3 . The main parts include scripts from QIIME 56 and usearch
adaptors (Supplementary
57
. 532 the greengenes database 58 to remove non-bacterial reads. Fungal and oomycetal reads were checked 534 against an ITS sequences database (full length ITS sequences from NCBI) to remove unwanted reads. 535
Taxonomic assignment was done via QIIME (assign_taxonomy) for bacterial OTUs, using the 536 greengenes database. Taxonomic assignment for fungal OTUs was done via RDP-classifier 59 against the 537 Warcup database 60 . Assignment of oomycetal OTUs was also done via RDP but against a self-538 established database. For rRDP-based classification a cut-off of 0.5 was used to filter out uncertain 539 assignments. 540
541
Computational analyses. All OTU tables obtained from the before mentioned pipelines were filtered 542 for very low abundant OTUs prior any analysis and post processing. For this, only OTUs having at least 543 0.1% RA in at least one sample were kept. These filtered tables were used for all further analyses. For 544 OTU based analysis of bacterial data, OTUs assigned as chloroplast-or mitochondria-derived were 545 removed prior to analysis. Alpha diversity indices (Shannon index and observed OTUs) were calculated 546 using OTU tables rarefied to 1,000 reads. Bray Curtis distances between samples were calculated by 547 using OTU tables that were normalized using cumulative-sum scaling (CSS 61 ). Average Bray-Curtis 548 distances across replicates and years, were calculated by using the mean across all combinations between 549 two sets of sites (e.g. between all soil samples from site x and site y). Comparisons of samples coming 550 from different years were not considered for this analysis. These average distances were hierarchically 551 clustered (hclust in R, method = "complete"). Similarly, averaged relative abundances (avg. RA)of 552 taxonomic groups was achieved by averaging across all samples from a particular site -compartment 553 combination. All principal coordinate analyses were calculated using the respective Bray-Curtis distance 554 matrices as an input for cmdscale function (standard R). Explained variance of different factors was 555 based on Bray-Curtis distances. These were used as an input for PERMANOVA analysis using the 556 adonis function in R (vegan package). All factors have been analysed independently. Dependency of 557 data was either tested via a linear regression (using lm function from R) or Spearman rank correlation 558 (cor.test function in R). Unless noted differently, a p value < 0.01 was considered significant. 559
Differential abundance of taxonomic groups was tested using the Wilcoxon rank sum test (wlicox.test 560 in R, FDR < 0.05). 561
562
For calculating site prevalence of OTUs, OTU tables were restricted to samples having > 1,000 reads. 563
Count tables were transformed to relative abundances by division of total column (sample) sums. An 564 OTU was marked as present in a given sample if its RA was > 0.1%. OTUs present in < 5 samples were 565 not considered further. Site prevalence reflects in how many sites (out of all European sites sampled in 566 a given year) an OTU was present on average across years (here only years where an OTU was detected 567 were taken into account). Site prevalence for OTUs present in neighbouring plants was calculated in the 568 same way. To calculate the average RA across sites and years for a given OTU, only those samples were 569 the OTU was actually present were considered. In this way, prevalence and mean RA are independent. 570
OTUs present in > 80% of sites on average were considered to be geographically widespread. 571
Differential abundance of OTUs in the different groups (geographically restricted, common, and 572 widespread) was calculated between compartment using Kruskal-Wallis test (kruskal.test with dunn.test 573 in R, FDR < 0.05). Root-specific enrichment for widespread OTUs, compared to soil and RS samples 574 was tested with a generalized linear model, as described in ref.
22 (FDR, p < 0.05). To compare generalist 575
OTUs from this study with OTUs found in roots of Lotus japonicus 26 bacterial OTUs were directly 576 compared using the representative sequences (Blastn, 98% sequence identity). To compare fungal 577
OTUs, the representative sequences from geographically widespread OTUs were blasted against full 578 ITS sequences from the UNITE database 62 . The best hits received were then used to find similar OTUs 579 in the L. japonicus data (98% sequence identity). 580 581 Enrichment patterns of root associated OTUs in the transplant experiment (see heatmap in 582 Supplementary Fig. 8 ) were examined as follows. For bacterial and fungal datasets, samples with less 583 than 1,000 reads were removed, whereas for the oomycetal dataset, samples with less than 250 reads 584 were removed. OTUs having a mean relative abundance > 0.01% across all root samples were kept for 585 the analysis. Relative abundance entries of zero were replaced by 0.001%. All relative abundance values 586 were log2 transformed and these data were used as input for generating a heatmap (heatmap.2 function 587 in R, gplots library). Enrichment in one of the six tested conditions (Swedish location, Italian location, 588
Swedish soil, Italian soil, Italian location and soil, Swedish location and soil) was estimated by 589 comparing the mean relative abundance of each OTU across all samples with the mean relative 590 abundance in respective sample combinations. E.g. to be enriched at the Italian location, an OTU must 591 be more abundant at the Italian location compared to the Swedish location, irrespective of the soil (see 592 panel in Supplementary Fig. 8 Schematic overview of the reciprocal transplant experiment. Soils and plant genotypes from IT1 and 862 SW4 sites were reciprocally transplanted in the two locations (eight different treatment combinations).
863
The symbols below the schematic view correspond to the symbols also used in the other panels. b, 864
Community structures of bacteria, fungi, and oomycetes in the 131 samples were determined using 865 principal coordinate analysis (PCoA). 872  873  874  875  876  877  878  879  880  881  882  883  884  885  886  887  888  889  890  891  892  893  894  895 
